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In contrast to our knowledge about the anatomical development of the mammalian central auditory system, the development of its physiological properties is still poorly understood.
In order to better understand the physiological properties of the developing mammalian auditory brainstem, we made intracellular recordings in brainstem slices from perinatal rats to examine synaptic transmission in the superior olivary complex, the first binaural station in the ascending auditory pathway. We concentrated on neurons in the lateral superior olive (LSO), which in adults, are excited from the ipsilateral side and inhibited from the contralateral side. Already at embryonic day (E) 18, when axon collaterals begin to invade the LSO anlage, synaptic potentials could be evoked from ipsilateral, as well as from contralateral inputs. lpsilaterally elicited PSPs were always depolarizing, regardless of age. They had a positive reversal potential and could be completely blocked by the non-NMDA glutamate receptor antagonist CNQX. In contrast, contralaterally elicited PSPs were depolarizing from El& P4, yet they turned into "adult-like," hyperpolarizing PSPs after P8. Their reversal potential shifted dramatically from -21.6 + 17.7 mV (El&PO) to -73.0 + 7.1 mV (PlO). Regardless of their polarity, contralaterally elicited PSPs were reversibly blocked by the glycine receptor antagonist strychnine.
Bath application of glycine and its agonist p-alanine further confirmed the transitory depolarizing action of glycine in the auditory brainstem.
Since the transient excitatory behavior of glycine occurs during a period during which glycinergic synaptic connections in the LSO are refined by activity-dependent mechanisms, glycinergic excitation might be a mechanism by which synaptic rearrangement in the contralateral inhibitory pathway is accomplished.
[Key words: auditory, development, glutamate, glycine, inhibitory glycine receptor, lateral superior olive, rat, superior olivary complex, strychnine] In contrast to our detailed knowledge of the development of excitatory connections in the CNS (review, Goodman and Shatz, 1993) , relatively little is known about the development of inhibitory connections. This is due to the fact that inhibitory circuits are usually intrinsic to nuclei and formed by interneurons, and are therefore relatively inaccessible for analysis. The auditory brainstem of mammals, however, has proven to be a useful model for addressing the development of inhibitory connections (Sanes and Siverls, 1991; Sanes, 1993; Sanes and Takacs, 1993) , because inhibitory connections between auditory brainstem nuclei are highly topographically ordered and their adult anatomy and physiology are well documented (reviews, Irvine, 1992; Schwartz, 1992) . The lateral superior olive (LSO), a nucleus in the superior olivary complex (SOC) that is involved in sound localization by processing binaural intensity differences, receives inhibitory, glycinergic input from the contralateral ear via the medial nucleus of the trapezoid body (MNTB), and excitatory, glutamatergic input from the ipsilateral ear via the ventral cochlear nucleus (see Fig. 1 ). Both inputs are tonotopically organized and perfectly aligned with each other (Caird and Klinke, 1983) . During development, the contralateral glycinergic pathway is refined in part by pruning of the afferent glycinergic axon terminals of MNTB neurons within the LSO (Sanes and Siverls, 1991; Sanes and Takacs, 1993) as well as the postsynaptic dendritic trees of LSO neurons (Sanes and Chokshi, 1992; Rietzel and Friauf, 1995) . The morphological remodeling of the inhibitory pathway appears to be activity dependent, because remodeling is prevented by chronically blocking postsynaptic glycine receptors (Sanes and Chokshi, 1992) or by reducing neural activity in the MNTB (Moore, 1992; Sanes and Takacs, 1993) . However, the cellular mechanisms underlying the activity-dependent remodeling of inhibitory synapses are completely unknown.
Innervation of the SOC begins at embryonic day (E) 18 (Kandler and Friauf, 1993a) , but physiological hearing does not begin until the end of the second postnatal week (P12-14, e.g., Uziel et al., 1981) . In the present study we used an in vitro brainstem slice preparation to examine the physiology and pharmacology of early synaptic transmission in the embryonic and postnatal SOC of rats during the period from El8 to the onset of hearing. We found that ipsilateral and contralateral synaptic transmission are both present as early as El 8 and that the maturation of postsynaptic potentials (PSPs) in SOC neurons is marked by a decrease in their latency and duration. Most interestingly, however, we found that contralaterally elicited PSPs in LSO neurons reverse their polarity during development: in embryonic and early postnatal animals, the glycinergic strychnine-sensitive input is depolarizing, but in animals older than P8 it is hyperpolarizing. w ret contra stim Figure 1 . Schematic drawing of the auditory brainstem slice preparation illustrating the experimental design. Ipsilateral fibers from the cochlear nucleus (Chr) to the SOC were electrically stimulated lateral to the lateral superior olive (LSO) (ipsi stim) and contralateral fibers were stimulated at the midline (contra stim). Most intracellular recordings (ret) were obtained from LSO neurons, which receive excitatory, glutamatergic input (solid line) from the ipsilateral CN and inhibitory, glycinergic input (dashed line) from the contralateral CN via the medial nucleus of the trapezoid body (MNTB). Other nuclei of the SOC from which we obtained intracellular recordings are the medial superior olive (MS@, the ventral nucleus of the trapezoid body (VNTB), and the superior paraolivary nucleus (SPM. This is further supported by our finding that during the same period at whic,h the contralateral input is depolarizing, bath-applied glycine has depolarizing effects in the SOC. We suggest that the depolarizing action of glycine plays a role in activitydependent synaptic remodeling of the inhibitory pathway to the LSO, which occurs during early postnatal life.
Some of our data have been presented in abstract form Friauf, 1992, 1993b ).
Materials and Methods
Animals. Experiments were performed on brainstem slices of embryonic (El8 to E21) and postnatal (PO to P17) Sprague-Dawley rats of both genders. Animals were bred and housed in our own colony. Young adult rats were paired overnight and the first 24 hr period following the commencement of pairing was considered El. In order to account for variations in the gestational length (21-23 d), we equalized E22 with PO.
Bruin slice preparation. Preparation of embryonic and postnatal brainstem slices was performed as described in detail elsewhere (Kandler and Friauf, 1993a) . Timed-pregnant females were deeply anesthetized by intramuscular injections of a mixture of ketamine (100 mgikg), xylazine (2 mglkg), and chlorpromazine (10 mg/kg). Embryos were removed by Cesarean section and further anesthetized by hypothermia. Postnatal rat pups were anesthetized by ketamine (100 mg/kg, i.m.). Animals were decapitated and their brains were quickly removed and submerged in artificial cerebrospinal fluid (ACSF; composition in mu: NaCl 130.0, KC1 3.0, NaH,PO, 1.2, CaCl, 2.4, MgSO, 1.3, NaHCO, 20, HEPES 3.0, glucose 10.0, bubbled with 95% 0,/5% CO,, pH 7.4, room temperature). Coronal slices (400-500 pm thick) were cut with a vibroslicer, and the slice that contained both the cochlear nuclei and the SOC was transferred to the recording chamber (submerged type, Medical.SyStems), where it was continuously superfused with ACSF (30-33"C, 6-8 mllmin, volume of recording chamber: 1.5 ml). Slices were allowed to recover for at least 90 min before electrophysiological recordings were started.
Electrophysiolo,&cal recording and electrical stimulation. Intracellular recordings were made with glass micropipettes (150-250 Ma) filled with 2% biocvtin (Sigma: Horikawa and Armstrong. 1988) or 4% Neurobiotin (Vecto;; Kita "and 'Armstrong, 1991) dissol&d in i M potassium acetate. To improve the stability of the intracellular recordings, especially in young neurons, electrodes were silanized according to Wu and Oertel (1984) . Penetration of neurons was achieved by applying short current or voltage pulses through the electrodes using the built-in circuits of the intracellular amplifier (Neurodata, Model 286) . In a few cases, a weak negative current (holding current, -0.1 to -0.3 nA) was applied for the first few minutes following the penetration in order to help stabilize the recording. Holding currents were always turned off before data gathering.
Synaptic responses were elicited by applying short current pulses (60-80 ps, 0.1-10 mA, 0.03-0.1 Hz) to the ipsilateral or contralateral afferent fibers. Bipolar stainless steel electrodes (Rhodes NEX 200) were placed in the ventral acoustic stria (VAS), lateral to the SOC to activate the ipsilateral input and at the midline decussation, to activate the contralateral input (Fig. 1 ). To minimize current spread outside of the VAS, the two poles of each stimulation electrode were arranged perpendicular to the VAS, with the auditory fibers running between the two poles.
Pharmacological solutions. Concentrated stock solutions of the following drugs were prepared in distilled water, aliquoted, and stored at -20°C: glycine, @-alanine, strychnine, kynurenic acid, 6-cyano-7-nitroquinoxaline-2.3.dione (CNOX), amino-5-ohosnhonovaleric acid (APV). i+)-5-methyl-lo,1 l-dihydco-!5H-dibenzi[a,djcyclohepten-5,1d-imine (MK801), and y-aminobutyric acid (GABA). During the experiment, small amounts of stock solutions were added to the ACSF, resulting in the final drug concentration in the recording chamber. Kynurenic acid was purchased from Fluka, CNQX, APV, and MK-801 were purchased from Research Biochemicals International, and the remaining chemicals from Sigma.
Data analysis. On-line analysis of intracellular signals was performed by digitizing (20-20,000 Hz, AD-board from Batelle Europe) the output of the intracellular amplifier and by further processing with software (TIDA, Batelle Europe). Unprocessed signals were also stored on digital audiotape (DAT-recorder, Biologic, sampling rate 24 kHz) for later offline analysis.
PSPs were characterized by their latency, amplitude, half-width duration, and reversal potential. PSP latency was measured from the beginning of the stimulus artifact to the first noticeable deflection of the voltage trace from the baseline membrane potential. Spike latency was measured from the beginning of the stimulus artifact to the peak of the spike. Half-width duration was determined by measuring the PSP length at half maximum amplitude. PSP reversal potentials (E,,,s) were determined by hyperpolarizing or depolarizing the neurons with current pulses (800 msec duration) during which thePSPs were elicited; the average amplitude of 5-10 PSPs at each membrane ootential (V-) was olotted against V,, and a linear regression analysis was used tb &em&e E,,,. Since high-resistance recording electrodes (150-2.50 MR) were neccesary to obtain stable recordings, it was not always possible to perfectly bridge the electrode resistance when strong currents were injected. It is therefore possible that the actual membrane potential and E,, were somewhat closer to the resting potential than actually measured. Although this error might have influenced the absolute value of E,,,, it would not have influenced the observed developmental changes in E,, or the difference between ipsilateral and contralateral E,,s measured in the same neuron. Statistical significance was tested using linear regression analysis. Unless otherwise noted, data are presented as the arithmetic mean ? standard deviation.
Intracellular staining. In order to unequivocally determine the type of neuron we recorded from, cells were intracellularly stained with biocytin or Neurobiotin, histochemically treated, and later morphologically analyzed. These procedures are described elsewhere (Kandler and Friauf, 1995) .
Results
Our results are based on intracellular recordings from 115 neurons in 86 slices of perinatal rats, aged between El8 and P17. Neurons were located in various nuclei of the SOC; since our emphasis was on neurons from the LSO, these neurons comprise the largest sample (55 neurons). The distribution of the remaining neurons was as follows: MNTB: 6; medial superior olive: 11; superior paraolivary nucleus: 8; lateral nucleus of the trapezoid body: 4; ventral nucleus of the trapezoid body: 10; dorsal periolivary nucleus: 2; rostra1 periolivary nucleus: 6; unidentified SOC neurons: 13. Due to the small number of neurons per nucleus, we will pool all SOC neurons outside the LSO into one group called "remaining SOC neurons" and compare them to the "LSO neurons." A typical intracellular recording lasted about 2 hr (range 20 min to 9 hr). During this time, the quality of the recording and the health of each neuron were carefully observed by repeatedly measuring the membrane input resistance and the membrane time constant. If a spontaneous drop in these two values or in V,,, occurred, recordings were terminated.
The morphology and membrane properties (e.g., input resistance, resting membrane potential, discharge pattern) of these neurons were the subject of a previous report (Kandler and Friauf, 1995) . The mean resting membrane potential (V,,,) of LSO neurons was -59.1 2 6.1 mV (range -48 mV to -70 mV) and V,,,, of the remaining SOC neurons was -58.8 +-6.8 mV. Neither of these values changed in an age-dependent way.
Development of synaptic responses in SOC neurons
Synaptic responses were elicited by stimulating the ipsilateral or contralateral input fibers with single electrical pulses, laterally or medially to the SOC, respectively (Fig. 1) . Sixty-six percent of the neurons (76 of 115) responded to ipsilateral stimulation and 81% (93 of 115) to contralateral stimulation. The onset latencies of the postsynaptic potentials (PSPs) varied between 1 and 17 ms. Ninety-two percent of ipsilaterally elicited PSPs had latencies shorter than 5 msec, and 88% of contralaterally elicited PSPS had latencies shorter than 8 msec. These short latency PSPs were therefore most likely caused by electrical stimulation of auditory axons in the VAS (Sanes, 1990; Wu and Kelly, 1991) . We will confine our analysis to these short-latency PSPs of presumptive auditory origin. In nine neurons, strong electrical stimulation elicited antidromic action potentials, which were characterized by a very constant latency and by the absence of preceding PSPs, even at a hyperpolarized membrane potential. Antidromic action potentials were therefore clearly distinguishable from synaptic responses and they were not included in subsequent analysis.
Ipsilaterally elicited synaptic responses
Already at E18, the age when cochlear nucleus axons have begun to invade the SOC (Kandler and Friauf, 1993a) , ipsilateral stimulation elicited PSPs in SOC neurons (n = 5) with stimulusdependent graded amplitudes, suggesting the convergence of several afferent axons on a single SOC neuron ( Fig. 2) . At E18, depolarizing PSPs were always subthreshold, i.e., they never triggered postsynaptic action potentials despite the ability of the neurons to generate spikes when injected with depolarizing current (Kandler and Friauf, 1995) . Synaptically elicited action potentials first occurred at E20 (Fig. 2) . These spikes had the typical features of immature neurons in the SOC (Sanes, 1993; Kandler and Friauf, 1995) and in other parts of the nervous system (Spitzer, 1981; McCormick and Prince, 1987) , i.e., they were of long duration and had a low peak amplitude.
Latency, duration, and reversal potential.
The results from our quantitative analysis of latencies, amplitudes, and half-width durations of ipsilaterally elicited PSPs at various ages are summarized in Figure 3 . In LSO neurons , the latencies of ipsilaterally elicited PSPs were in the range of 1.3 to 4.9 msec, and in the remaining SOC neurons, latencies were in the range of 1.0 and 5.0 msec (Fig. 3A) . In both neuron groups, PSP latencies decreased significantly with age (LSO: p < 0.05, SOC: p < 0.01) from an average of 3.2 msec at El8 to 1.3 msec at P15. Ipsilaterally elicited PSPs could generate action potentials in 34% LSO neurons and 39% of remaining SOC neurons. Spike latencies decreased significantly with age in LSO neurons (p < 0.01, Fig. 3B ), but not in the remaining SOC neurons (p > 0.05). At the end of the second postnatal week, the time when hearing starts in rats, the latencies of ipsilaterally elicited PSPs in LSO neurons ranged from 1.3 to 2.2 msec, and the latencies of spikes ranged from 2.3 to 3.1 msec. These latencies are very similar to the PSP latencies reported for LSO neurons in other juvenile rodents [gerbil: 2.2 msec +-0.3 SEM, (Sanes, 1990) ; mouse: 0.4-2.3 msec (Wu and Kelly, 1991) ], indicating that the velocity of ipsilateral transmission to the LSO is similar to that in mature animals at the onset of hearing.
In perinatal SOC neurons (E18-P9), the half-width duration of PSPs varied over a wide range (Fig. 3C) . In LSO neurons, half-width durations were from 3.1 (P2) to 190 msec (E20) and in the remaining SOC neurons from 6.8 msec (PZneuron in the superior paraolivary nucleus) to 140 msec (EZO-neuron in the ventral nucleus of the trapezoid body). Although the longest EPSPs were recorded in embryonic animals, PSP half-width duration did not significantly decline with increasing age @ > 0.1). At the end of the second postnatal week, PSPs in LSO neurons had,half-width durations of 4.2-5.2 msec, which are about twice as long as those reported from other young adult rodents (Sanes, 1990; Wu and Kelly, 1991) . These long PSP durations imply that the accuracy of temporal integration in rat LSO neurons is still poor at the time of hearing onset, a situation similar to that described in young postnatal gerbils (Sanes, 1993) .
In a previous study, we reported that the membrane time constant (7) of SOC neurons significantly decreases during development (Kandler and Friauf, 1995) . Since PSP duration is directly influenced by T, the observed decrease of PSP durations could simply be the result of decreasing t values. As shown in Figure 30 , r and PSP duration did covary in LSO neurons 07 < O.OS), but did not covary in the remaining SOC neurons (p > 0.05). This indicates that the shortening of PSPs is at least partially caused by decreasing t values in LSO neurons. The finding that r and PSP duration did not covary in the remaining SOC neurons might simply be the result of pooling diverse neuron types from the different nuclei within this group. The reversal potentials (E,,,s) of ipsilaterally elicited PSPs were determined in 13 perinatal LSO neurons (E18-PlO). The mean E,, was f19.8 C 21.4 mV, and we observed no age-dependent changes.
Pharmacology of ipsilaterally elicited PSPs. In adult mammals, the transmitter used by neurons in the cochlear nucleus that provide ipsilateral excitatory input to SOC neurons is most likely glutamate, acting on non-NMDA receptors (Caspary and Faingold, 1989; Caspary and Finlayson, 1991; Banks and Smith, 1992; Wu and Kelly, 1992) . Recently, however, NMDA receptors have been identified immunohistochemically in the rat's LSO (Petralia et al., 1994) and NMDA receptor-mediated responses have been described in postnatal MNTB neurons using the whole-cell patch-clamp technique (Forsythe and Barnes-Davies, 1993) . In order to characterize the transmitter and receptors involved in the early ipsilateral synaptic transmission to developing SOC neurons, we added the non-NMDA antagonist CNQX (20 pM) into the bath solution and electrically activated the ipsilateral input. In all LSO neurons tested (n = lo), and in 8 out of 10 other SOC neurons, CNQX completely and reversibly blocked ipsilaterally elicited PSPs (Fig. 2B ), suggesting that under our conditions (V, at rest, 2.4 mu Mg2+ in the bath solution), ipsilaterally elicited PSPs are caused by glutamate acting on postsynaptic non-NMDA receptors. It is therefore unlikely that the long PSPs, which often occurred in perinatal SOC neurons (Fig. 3C) , were the result of long-lasting NMDA receptormediated responses.
Taken together, these data show that electrical stimulation of the ipsilateral input to the rat SOC already elicits synaptic responses at E18, which is around the time when ipsilateral axons are known to invade this region (Kandler and Friauf, 1993a) . During the next 3 weeks, PSP latencies decrease significantly but there is no statistically significant decline in PSP duration. At the end of the second postnatal week, when hearing begins, PSP latencies are adult-like, but PSP durations are still about twice as long as in young adults (Sanes, 1990; Wu and Kelly, 1991) . Our results further indicate that non-NMDA glutamate receptors mediate ipsilaterally elicited excitatory PSPs at all ages tested.
Contralaterally elicited synaptic responses
Three examples of contralaterally elicited PSPs in LSO neurons at different ages are shown in Figure 4 . In embryonic and early postnatal LSO neurons (El8-P4; IZ = 34), contralateral stimulation elicited depolarizing PSPS, not hyperpolarizing PSPs. In a few cases (n = 5) these depolarizing PSPs could trigger action potentials (Fig. 4A) . Hyperpolarizing PSPs were first encountered at the end of the first postnatal week. In contrast to ipsilateral stimulation, which elicited spikes in 34% of LSO neurons, contralateral stimulation elicited spikes in only 14% of LSO neurons. No such difference was found in the remaining SOC neurons, in which spikes occurred with roughly the same frequency following both contralateral (36%), and ipsilateral stimulation (39%).
Latency, duration, and reversal potential. Results from our quantitative analysis of the latencies, amplitudes, and half-width durations of contralaterally elicited PSPs at various ages are shown in Figure 5 . PSP latencies ranged from 1.5 to 7.1 msec in LSO neurons and from 0.9 to 7.4 msec in the remaining SOC neurons (Fig. 5A) . In both groups, latencies decreased significantly with increasing age (LSO neurons: p < 0.05; remaining SOC neurons: p < 0.01). Latency reduction was more pronounced for contralaterally elicited PSPs than for ipsilaterally elicited PSPs, so that there was a gradual matching of the ipsilateral and contralateral transmission delays. For example, in embryonic LSO neurons, the latency difference between ipsiand contralaterally elicited PSPs averaged 1.9 msec (ipsilateral: 2.9 ? 0.9 ms, n = 11; contralateral: 4.8 ? 1.7 msec, n = 8).
In animals at the end of the second postnatal week, however, the difference was only 0.5 msec (ipsilateral: 2.3 2 0.8 msec, n = 8; contralateral: 2.8 ? 1 .O msec, n = 8). These results indicate that by the time hearing begins, converging ipsilateral and contralateral inputs arrive at LSO neurons almost simultaneously, which is a prerequisite for processing interaural intensity differences in the LSO.
As mentioned above, contralateral stimulation elicited spikes in only 14% (5 out of 35) of LSO neurons. The peak latency of these spikes ranged from 13.0 msec (E20) to 3.9 msec (P8). Due to the small sampling size, age dependency was not statistically tested. ;cp, l p 0; , in 15 out of 42 neurons, and the peak latency of these spikes decreased significantly during development (p < 0.05) (Fig. SB) .
The half-width duration of contralaterally elicited PSPs decreased considerably from El8 to P14, in both the LSO neurons and in the remaining SOC neurons (Fig. 5C ). Despite this prominent decrease, at the end of the second postnatal week contralaterally elicited PSPs were still two to three times longer (PlO-P13: 10.2 2 7.6 msec, IZ = 3) than those reported in young adult rodents [about 2-4 msec, see figures in Sanes (1990); and Wu and Kelly (1991) ]. Half-width duration and 7 of contralaterally elicited PSPs covaried significantly in LSO neurons 0, < O.Ol), but not in the remaining SOC neurons (p > 0.05), indicating that the change in duration of PSPs in LSO neurons is largely determined by the postsynaptic cells passive membrane properties.
The finding that contralateral stimulation elicited only depolarizing PSPs in perinatal LSO neurons is in sharp contrast to the situation seen in adult LSO neurons, where the contralateral glycinergic input is hyperpolarizing (Finlayson and Caspary, 1989; Wu and Kelly, 1992) . Two obvious explanations could account for our findings: first, glycine could act transiently as a depolarizing transmitter or, second, contralateral afferent fibers in the LSO could temporarily release an excitatory transmitter during perinatal development. In a first step aimed at distinguisht ing between the two possibilities, we determined the E,, of contralaterally elicited PSPs. In Figure 6 , examples of contralaterally elicited PSPs at different V, are shown for a PlO neuron and a P3 neuron in the LSO. At V,,, (-57 mV), the PlO neuron responded to contralateral stimulation with hyperpolarizing PSPs. The amplitudes of these PSPs increased at more positive membrane potentials, whereas they decreased at more negative membrane potentials. Hyperpolarizing the membrane potential beyond -78 mV resulted in the reversal of PSP polarity, i.e., depolarizing PSPs were elicited at membrane potentials more negative than -78 mV (Fig. 6C) . In contrast to the neuron at PlO, the P3 neuron responded at V,,, (-65 mV) to contralateral stimulation with depolarizing PSPs (Fig. 6B) , and the PSPs reversed above -30 mV, resulting in hyperpolarizing PSPs at these relatively positive membrane potentials (Fig. 6&D) . Figure  7 summarizes the E,, of contralaterally elicited PSPs in developing LSO neurons (n = 25) as a function of age. The average reversal potential of contralaterally elicited PSPs gradually shifted from -21.6 -+ 17.7 mV in embryonic and newborn animals (E18-PO, R = 7) to an average of -73.0 mV ? 7.1 in PlO animals (n = 2) 0, < 0.001). On average, E,,s became more negative than V,,, after P8 and thus gave rise to "adult-like, " hyperpolarizing potentials. It is important to point out that in contrast to the observed changes in E,, from El8 to PlO, V,,,, were correlated with the membrane time constants in LSO neurons (p < 0.05), but not in the remaining SOC neurons (p > 0.05). Values for time constants were taken from Kandler and Friauf (1995 Figure 5 . Quantitative analysis of contralaterally elicited PSPs in developing LSO neurons (leff column) and in the remaining SOC neurons (right column). A, PSP latencies decrease with increasing age (LSO: 0.01 < p < 0.05; SOC: p < 0.001). B, In five LSO neurons younger than P8, contralateral stimulation elicited spikes with latencies between 13 msec and 3.9 msec. Due to the small sampling size, no correlation analysis was performed. In the remaining SOC neurons, spike latency varied between 18.7 and 2.3 msec and latencies decreased with age (p < 0.05). C, The half-width duration of contralaterally elicited PSPs declined significantly with age, both in LSO neurons (p < 0.01) and in the remaining SOC of these neurons remained constant at -59.0 ? 6.9 mV (p > 0.1) throughout the observation period. The transition from contralaterally elicited depolarizing PSPs to "adult-like," hyperpolarizing PSPs in LSO neurons is therefore not the result of gradually changing Vrests, but rather of gradually changing Erevs. In addition to the above-described PSPs, which had negative Erevs, we sometimes (n = 5) encountered contralaterally elicited PSPs with positive E,,s. In these cases, E,,, averaged +21.4 ? 14.6 mV. Since this value is very similar to the E,, of ipsilaterally elicited PSPs mediated by glutamate (+19.8 -C 21.4 mV), we concluded that these PSPs represent a weak contralateral glutamatergic input to SOC/LSO neurons. Previous studies in adult mammals have also identified some excitatory PSPs after contralateral stimulation (Sanes, 1990; Wu and Kelly, 1991) . However, due to the very rare occurrence of contralaterally elicited PSPs with positive E,,s, we performed no further analysis, such as pharmacological tests.
Pharmacology of contralaterally elicited PSPs in LSO neurons. In order to test whether the contralaterally elicited depolarizing PSPs were caused by glycine (the neurotransmitter of MNTB axons in adult animals; Bledsoe et al., 1990 ), we applied the specific glycine antagonist strychnine Snyder, 1973, 1974) into the bath solution while stimulating the contralateral input. As shown in the examples in Figure 4 , strychnine totally and reversibly blocked the contralaterally elicited depolarizing PSPs in perinatal LSO neurons, as well as the hyperpolarizing PSPs in older neurons (n = 8). This demonstrates that contralaterally elicited depolarizing PSPs in perinatal LSO neurons are, indeed, caused by glycine, acting on the "inhibitory," strychnine-sensitive glycine receptor. Figure 4 also shows that higher strychnine concentrations were necessary to suppress PSPs in perinatal LSO neurons than in older LSO neurons. This observation is consistent with the fact that an immature, "neonatal" isoform of the glycine receptor, which is known to have lower strychnine sensitivity (Becker et al., 1988) , is expressed in developing LSO neurons of the rat (Friauf et al., 1994) . In summary, our results on the contralateral synaptic transmission to SOC neurons demonstrate that stimulation of these afferent fibers results in depolarizing PSPs in perinatal LSO neurons (El8-P4) and in "adult-like," hyperpolarizing PSPs in LSO neurons from older rats (> P8). Depolarizing as well as hyperpolarizing PSPs were blocked by strychnine, indicating that both types of responses are caused by glycine acting on the "inhibitory," strychnine-sensitive glycine receptor.
Pharmacology of glycine responses in developing SOC neurons
To further characterize glycine responses in developing SOC neurons, we examined the effects of externally applied drugs. In 33 of 35 neurons (94%), bath application of glycine (0.1-20 mM, l-2 min pulses) was followed by an increase of the membrane conductance (range 4-95%), as would be expected from the opening of glycine-gated ion channels. Consistent with our results obtained after electrical stimulation, bath-applied glycine hyperpolarized LSO neurons from older animals, but depolarized LSO neurons in perinatal rats. Figure 8 illustrates two examples of the effect of glycine in a P12-and a PO-LSO neuron. In both neurons, the glycine effects were characterized by an increase in the membrane conductance, as evidenced by a decrease in membrane potential deflections due to injections of short (500 msec) current pulses. The conductance increase was accompanied by a hyperpolarization in the P12 neuron (maximum: -10.5 mV), but by a depolarization in the PO neuron (maximum: + 11.5 mV). Bath application of strychnine reversibly blocked the glycine-induced responses (Fig. 8, middle and lower traces), indicating that externally applied glycine activated strychnine-sensitive glycine receptors. This was further supported by the action of the glycine agonist B-alanine (Pfeiffer et al., 1982) which mimicked both glycinergic depolarization (n = 5, PO-P8), as well as hyperpolarization (n = 1, P12). Figure 9 summarizes the results of the glycine effects on 20 LSO neurons from El8 to P12. There was no age dependency in the amount of glycine-induced increases of the membrane conductance (Fig. 9A) , but there was a gradual transition from depolarizing responses in embryonic and early postnatal animals, to hyperpolarizing responses in animals older than P8 (Fig.  9B, C) . The time course of this transition closely reflects the agedependent changes from contralaterally elicited depolarizing PSPs to "adult-like," hyperpolarizing PSPs (Fig. 9D ). This further indicates that the transition from contralaterally elicited depolarizing to hyperpolarizing PSPs in developing LSO neurons is caused by changes in the action of glycine on postsynaptic LSO neurons, rather than by presynaptic mechanisms in afferent MNTB fibers.
The effects of glycine and its antagonization by strychnine were dose dependent (Fig. IO) . The average Hill coefficient for glycine-induced membrane potential changes was 1.9 + 0.25 (n = 4, Fig. 1 I) , indicating that two molecules of glycine are necessary to activate a glycine receptor molecule in perinatal LSO neurons. Similar Hill coefficients have been previously reported for the "neonatal" isoform of the strychnine-sensitive glycine receptor (Kuhse et al., 1990; Ito and Cherubini, 1991; FatimaShad and Barry, 1992) , which is expressed by LSO neurons in perinatal rats (Friauf et al., 1994) .
As the total input to LSO neurons in perinatal rats is not known, one may argue that glycine-induced depolarizations in LSO neurons are caused by disinhibition of a spontaneously active excitatory input to the LSO. In order to exclude such an indirect polysynaptic action, we applied glycine in the presence of the glutamate antagonist kynurenic acid (n = 3 neurons; E20-P6). As shown in Figure 12A , glycinergic depolarizations were not blocked in the presence of 1 mM kynurenic acid, indicating the effect of glycine directly on the recorded neurons. This result, together with the fact that NMDA receptor antagonists (10 pM MK801, n = 2; 100 FM APV, n = 2) did not influence glycine effects (data not shown), further rules out the possibility that glycine sensitizes extrasynaptic NMDA receptors (Zhou and Parks, 1992) , which could then be activated by ambient glutamate in the slice (Lo Turco et al., 1991) .
As indicated above, strychnine-sensitive glycine receptors are expressed in two developmentally regulated isoforms. Both the "adult" and the "neonatal" isoform of glycine receptors are ligand-coupled ion channels that are permeable to small monovalent anions (Bormann et al., 1987; Kuhse et al., 1990 , 1994) . In adult neurons, opening of these ion channels results in an influx of Cl-ions and, consequently, in the hyperpolarization of the cell membrane. In immature neurons, the observed depolarizing glycine effects could be achieved by an efflux of Cl-ions due to a reversed driving force for Cl-ions. Because the external Cl-concentration was always the same in our experiments (138 ITIM) and since V,,,, of LSO neurons did not change with age, these two parameters cannot be responsible for changes in the driving force for Cl-ions. In order to test whether high intracellular Cl-concentrations underly glycinergic depolarization, we made several attempts to manipulate the Cll driving force by changing internal and external Cl-concentrations. First, we used electrodes filled with potassium chloride instead of potassium acetate. Second, we replaced extracellular sodium chloride with sodium isothionate and, third, we tried to block cellular chloride pumps with furosemide (0.5 mM). Unfortunately, all of these manipulations resulted in severe instabilities of the recordings, thus making it impossible to interpret the results that we could gather from the few surviving neurons. Therefore, in order to test whether the glycinergic depolarizations observed in perinatal SOC neurons were caused by a transmembrane Cll efflux, we used an indirect approach; we applied the inhibitory neurotransmitter y-aminobutyric acid (GABA). GABAergic synapses on LSO neurons have been previously de-PO 10 mM gly 12 pM stry 20 mM gly 10 mM gly Figure 8 . Age-dependent effects of bath-applied glycine on LSO neurons. Left column: P12 neuron. Right column: PO neuron. The short downward deflections of V, are the results of short hyperpolarizing current injections (500 msec, 0.1 Hz, 0.25 nA at P12 and 0.28 nA at PO) through the recording electrode in order to determine the input resistance (R,). Upper truces, in both neurons, glycine decreased R, as indicated by the decrease in the current-induced deflections of V,. In the P12 neuron, R, dropped to 63%, in the PO neuron R, dropped to 56% of its initial value. In the P12 neuron, application of glycine resulted in a hyperpolarization (max. -10.5 mV); in the PO neuron, it resulted in a depolarization (max. + 11.5 mV). Middle traces: strychnine blocked both the decrease in R, and changes in V,. Lower traces: partial recovery of the glycine responses after a 40 min washout of strychnine. At the end of the recording, the P12 neuron became instable and was lost shortly after the recording. V,,,, was -65 mV in the P12 neuron and -56 mV in the PO neuron. El8-PO Pl-P4 P&P8 P9-P13 El 8-PO Pl-P4 P5-P8 P9-P13 Figure   9 . Summary of glycine effects on developing LSO neurons. A, Maximum change of R, induced by glycine. Changes in R, are not a function of age (p > 0.1). B, Glycine-induced changes in V,. In animals younger than P4, glycine always depolarized the neurons. Between P5 and P8, the effects of glycine were variable in that some LSO neurons were depolarized and others hyperpolarized. At P12, glycine only hyperpolarized neurons. Changes in V, were age dependent (p < 0.01). C and 0, Frequency distribution of observed depolarizations (striped) and hyperpolarizations (solid black) caused by bath application of glycine (C) or by electrical stimulation of the contralateral input (D). Notice that in both cases, the transition from depolarizing to hyperpolarizing responses occurred between P5 and P8.
scribed (Helfert et al., 1992; Roberts, 1993) . Bath application of GABA (0.1-5 ITLM), which increases chloride conductances by activating GABA, receptors (Bormann, 1988) , reduced the membrane resistance and changed the membrane potential in 10 out of 13 neurons that had been initially shown to be glycinesensitive (Fig. 12C) . Furthermore, all GABA-induced membrane potential changes had the same polarity as those caused by glytine (Fig. 12&C) . GABA effects could not be antagonized with strychnine, enabling us to exclude the possibility that GABA activated glycine receptors. Although these results do not directly prove the mechanisms underlying glycine-induced depolarizations in perinatal LSO neurons, they strongly suggest that the glycinergic depolarizations are caused by Cl-efflux due to a high intracellular Cl-concentration, similar to the situation seen in embryonic spinal cord neurons Reichling et al., 1994; Wang et al., 1994) .
In summary, externally applied glycine, via activation of "inhibitory," strychnine-sensitive glycine receptors, depolarizes SOC neurons during the same period at which contralaterally elicited glycinergic PSPs are depolarizing. Although there is no direct evidence, our pharmacological experiments suggest that the depolarizing action of glycine is the result of a high intracellular Clconcentration in perinatal SOC neurons, causing an efflux of Clions through the glycine-gated ion channels.
Discussion
The present study has used intracellular recordings made from brainstem slices to describe the development of synaptic transmission to identified SOC neurons in perinatal rats. SOC neurons generate PSPs in response to electrical stimulation of the ipsilateral and contralateral input fibers as early as E18, i.e., around the time when cochlear nucleus axons in the VAS send axon collaterals into the SOC (Kandler and Friauf, 1993a) . During the following 3 weeks, PSP latencies decrease and PSP durations Increasing concentration resulted in a stronger reduction of Ri, a higher depolarization uf V,, and a longer response duration. B, Strychnine aniagonized the effe'cts of glycine in a dose-dependent manned @try). Strychnine (1 pM) partly blocked the effect of 1 mM glycine, and 5 )LM strychnine blocked it completely. Glycine effects were partly restored after a 50 min washout of strychnine (0 FM stry). V,,, was -57 mV.
shorten. Most interestingly, contralateral stimulation elicits depolarizing PSPs in embryonic and early postnatal LSO neurons and "adult-like," hyperpolarizing PSPs in LSO neurons from animals older than 1 week; regardless of sign, these contralaterally elicited PSPs are mediated by glycine, acting on strychninesensitive glycine receptors.
Developmental changes in latency and duration of synaptic responses
We found a reduction in both the latency and the duration of ipsilaterally and contralaterally elicited PSPs between El8 and P17. This aspect of PSP maturation in SOC neurons is consistent with what is known about the development of the auditory system (Wu and Oertel, 1987; Sanes, 1993) as well as in other brain structures (Schwartzkroin and Kunkel, 1982; Kriegstein et al., 1987; Hestrin, 1992; Purpura et al., 1994) . In LSO neurons, some of the PSP shortening can be explained by a decrease of the membrane time constant (Kandler and Friauf, 1995) . Additional factors that are likely to contribute to PSP shortening are a decrease in the number of axons converging on single neurons (Sanes and Siverls, 1991; Sanes, 1993) or a decrease in the open time of glycine receptor-activated channels (Takahashi et al., 1992; Morales et al., 1994) . This latter factor appears to be of particular relevance during the first 2 postnatal weeks when LSO neurons switch from the "neonatal" to the "adult" isoform of the glycine receptor (Friauf et al., 1994) , which have long and short open times, respectively (Takahashi et al., 1992) . Development of ipsilateral synaptic transmission Electrical stimulation of the ipsilateral VAS elicited depolarizing, subthreshold PSPs at El8 and suprathreshold PSPs from E20 on. Antidromic action potentials were also recorded at E20, and it is known that SOC neurons already project to the inferior colliculus at that time (Friauf and Kandler, 1990; unpublished observations) . Therefore, rat auditory brainstem neurons are capable of relaying neuronal activity from the cochlear nucleus to the inferior colliculus about 2 d before birth and more than 2 weeks before the onset of hearing (Uziel et al., 1981) . The glutamate antagonist CNQX completely blocked ipsilaterally elicited PSPs. Therefore, glutamate, acting on postsynaptic non-NMDA receptors, appears to be the excitatory transmitter in the developing projection from the cochlear nucleus to the LSO. However, since we only tested CNQX under our standard protocol (V, at rest, 2.4 mM Mg*+ in the bath solution), we cannot exclude the possibility that NMDA receptors might be activated under more special conditions, for example following high frequency stimulation.
Development of contralateral synaptic transmission Electrical stimulation of the contralateral afferent fibers elicited PSPs in SOC neurons even in the youngest animals studied (i.e., E18). These PSPs were depolarizing until about the end of the first postnatal week, when hyperpolarizing PSPs, similar to those in the the adult (Finlayson and Caspary, 1989; Sanes, 1990; Wu and Kelly, 1992) , were observed in LSO neurons. Since both depolarizing and hyperpolarizing PSPs could be completely and reversibly blocked by strychnine, it is clear that both types of PSP are caused by glycine receptors, most likely activated by presynaptic MNTB axons, the main source of contralateral input to the LSO (review, Schwartz, 1992) . The depolarizing action of glycine was further confirmed by the fact that the changes in glycine-induced or P-alanine-induced membrane potentials follow the same gradual, age-dependent transition from depolarization to hyperpolarization as the contralaterally elicited PSPs do. We are therefore convinced that the observed switch in the polarity of contralaterally several other studies that demonstrated depolarizing effects of glycine or GABA during development (Cherubini et al., 1991; Ito and Cherubini, 1991; Reichling et al., 1994) . Our results, however, contrast with a study in the LSO of the younger than one week ipsi contra I I I I ipsi older than one week contra Figure 13 . Schematic drawing of the development of the ipsilateral and contralateral synaptic transmission to the LSO. In animals younger than 1 week, both the ipsilateral, glutamatergic (ipsi), as well the contralateral, glycinergic input (contra) are excitatory. PSP latencies and PSP durations are long. In animals older than 1 week, the adult situation is achieved in which the ipsilateral input is excitatory and the contralateral input is inhibitory, enabling the LSO to code interaural intensity differences.
neonatal gerbil, where hyperpolarizing PSPs were reported to appear between P2-P6 (Sanes, 1993) . Because the latter study did not identify the neurons morphologically and did not report V,,,, for individual neurons, it remains unclear whether different subpopulations of neurons were characterized or whether different values of V,,, account for the contrasting results. However, a few contralaterally elicited depolarizing PSPs were observed in neonatal gerbils, but they were not further analyzed, because they were regarded as artifactual (Sanes, 1993) . Finally, species differences could also be responsible for the contradictory results. A recent anatomical study reported that the connections from the cochlear nuclei to the SOC in the gerbil reach maturity several days earlier than in the rat (Russell and Moore, 1995) , raising the possibility that connections of the MNTB in the gerbil also mature earlier and that the switch in the polarity of contralaterally elicited PSPs might occur before P2 in gerbils.
A possible functional role for depolarizing glycinergic PSPs in LSO neurons Recent anatomical studies in gerbils have demonstrated that glycinergic MNTB axons, synapsing on LSO neurons, are refined by activity-dependent mechanisms. Axonal arbors of single MNTB axons and dendritic trees of LSO neurons are pruned postnatally by mechanisms, which depend on synaptic activity and on the activation of glycine receptors (Sanes and Chokshi, 1992; Sanes and Takacs, 1993) . These refinements result in a sharpening of the inhibitory MNTB-LSO projection, similar to the well-known refinement of excitatory connections, for example, in the mammalian visual system (review, Goodman and Shatz, 1993; Cramer and Sur, 1995) . The present study demonstrates depolarizing actions of glycine during the developmental stage at which glycine receptor activation is necessary for the refinement of inhibitory afferents to the LSO. Early postnatal LSO neurons express voltage-sensitive CaZ+ channels (Schmanns and Friauf, 1994) , and under stimulus conditions that have yet to be determined, glycine-induced depolarizations could activate these channels, thereby increasing cytosolic Ca2+ concentrations [Ca*+], in LSO neurons. This scenario would be similar to that which occurs in embryonic spinal cord neurons Wang et al., 1994) or in neonatal neocortical neurons (Yuste and Katz, 1991; Lin et al., 1994) . The glycinergic MNTB-LSO pathway might therefore transiently behave like an excitatory pathway and use the same Ca*+-dependent cellular mechanisms known to be involved in strengthening and reshaping excitatory connections (Malenka, 1994) . This hypothesis gains additional support from the fact that LSO neurons transiently express the calcium-binding protein calbindin-D,,,, whose immunoreactivity is high during the same period at which glycine is excitatory (Friauf, 1993) , suggesting that regulation of [CaZ+] , is especially important during this period. Additionally, early postnatal LSO neurons transiently express the Ca 2+-dependent protein kinase Cl311 during the same period in which glycine is depolarizing (Garcia and Harlan, 1994) . Protein kinase C activation potentiates glycine responses in neurons (Gu and Huang, 1994) . Although the currently available results support our hypothesis, they are still circumstantial and further experiments are necessary for direct proof.
Developmental state of synaptic transmission in the SOC at the time of hearing onset As already mentioned, physiological hearing in rats begins between P12 and P14 (e.g., Uziel et al., 1981) . By that age, SOC neurons have already reached a considerable stage of maturity without ever being driven by external, i.e., acoustic stimuli. For example, by P12-P14 ipsilateral PSPs are excitatory and contralateral PSPs are inhibitory in LSO neurons, and both inputs arrive at about the same time as in the adult (Caird and Klinke, 1983; Sanes, 1990) . Simulataneous arrival of inhibitory and excitatory input from the two ears is an important prerequisite for comparing interaural intensity differences, a major function of the adult LSO (Caird and Klinke, 1983) . Coinciding ipsilateral and contralateral PSPs in LSO neurons at around hearing onset were also reported in brain slices from gerbils (Sanes, 1993) . This indicates that the long latencies of sound-evoked LSO responses at the time of hearing onset (Sanes and Rubel, 1988) are probably caused by long latencies in structures peripheral to the SOC. Other mature physiological properties of SOC neurons at the time of hearing onset, including V,,,, spike duration, spike amplitude, and spiking patterns (Kandler and Friauf, 1995) , indicate that a great deal of physiological development of SOC neurons occurs without external sensory input. On the other hand, SOC neurons in rats (present study) and LSO neurons in gerbils (Sanes, 1993) display several immature properties at hearing onset. For example, PSPs in SOC neurons around P12 last longer than in adult animals, resulting in strong temporal overlap of inputs and in poor temporal resolution, as was explicitly shown in postnatal LSO neurons in gerbils (Sanes, 1993) . In summary, by the time of hearing onset, the SOC of rodents has reached a stage of relative physiological maturity that allows it to perform its basic physiological functions. Since the processes required to achieve this stage occur before external acoustic input can drive the auditory system, we can conclude that the auditory brainstem becomes organized in the absence of sensory experience.
